The hormone FGF21 is a potent regulator of carbohydrate and lipid metabolism and a promising drug for treating metabolic syndrome.
SUMMARY
Previous studies have shown that starvation or consumption of a high-fat, low-carbohydrate (HF-LC) ketogenic diet induces hepatic fibroblast growth factor 21 (FGF21) gene expression, in part, by activating the peroxisome proliferator-activated receptor-α (PPARα). Using primary hepatocyte cultures to screen for endogenous signals that mediate the nutritional regulation of FGF21 expression, we identified two sources of PPARα activators (i.e. nonesterified unsaturated fatty acids and chylomicrons remnants) that induced FGF21 gene expression. In addition, we discovered that natural (i.e. bile acids) and synthetic (i.e. Fibroblast growth factor 21 (FGF21) is a member of the fibroblast growth factor family of signaling molecules that regulate cell growth, differentiation, and migration (1) . Studies investigating the biological function of FGF21 have shown that FGF21 modulates carbohydrate and lipid metabolism in adult animals. For example, administration of FGF21 increases glucose uptake in adipocytes, an effect that is mediated by an elevation in the expression of the glucose transporter, GLUT1 (2) . FGF21 also increases rates of fatty acid oxidation and gluconeogenesis in liver (3) (4) (5) (6) . These effects are associated with an elevation in the expression of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), a transcriptional coactivator of genes comprising the fatty acid oxidation and gluconeogenic pathways. The stimulatory effect of FGF21 on gluconeogenic enzyme expression is dependent on the presence 2 of PGC-1α (5) . In contrast to the effects of FGF21 on the expression of enzymes of comprising the fatty acid oxidation and gluconeogenic pathways, FGF21 inhibits the expression of enzymes comprising the fatty acid synthesis pathway (3, 6) . Alterations in hepatic fatty acid oxidation and fatty acid synthesis have been proposed to play a role in mediating the decrease in serum and hepatic triacylglycerols and increase in insulin sensitivity in obese/diabetic animals treated with exogenous FGF21 (5, 7, 8) .
Studies analyzing the tissue/cell type distribution of FGF21 expression indicate that the liver is an important site of FGF21 synthesis in the body (1, 9) . This observation plus the striking effects of FGF21 on carbohydrate and lipid metabolism has prompted studies investigating the regulation of hepatic FGF21 expression in intact animals. Feeding mice a high-fat, lowcarbohydrate (HF-LC) ketogenic diet stimulates a 5-to 25-fold increase in hepatic FGF21 mRNA abundance (10, 11) , an effect that is associated with a 1.7-to 9-fold elevation in FGF21 levels in the blood (10, 12, 13) . This finding has led to the proposal that alterations in hepatic FGF21 expression play a role in mediating changes in carbohydrate and lipid metabolism caused by HF-LC ketogenic diet consumption. In this model, the HF-LC diet-induced increase in the synthesis and secretion of FGF21 activates hepatic fatty acid oxidation and gluconeogenesis. Alterations in these metabolic processes, in turn, facilitate the synthesis of ketone bodies from dietary fatty acids delivered to the liver. Support for this model is derived from studies demonstrating that knockdown of hepatic FGF21 expression attenuates the increase in hepatic fatty acid oxidation and ketogenesis caused by consumption of a HF-LC ketogenic diet (5, 14) . The hepatic expression of FGF21 is also induced by starvation, another dietary condition in which rates of fatty acid oxidation, gluconeogenesis, and ketogenesis are elevated (4, 10, 15) . Deletion of FGF21 abolishes the stimulatory effect of starvation on rates of fatty acid oxidation, gluconeogenesis, and ketogenesis (5) . These findings provide further evidence that FGF21 is a key factor controlling carbohydrate and lipid metabolism during ketotic states.
FGF21 has also come into focus as a potential pharmacological agent for treating metabolic syndrome. Administration of recombinant FGF-21 or transgenic expression of the FGF21 gene in mouse and non-human primate models of obesity and type 2 diabetes causes an increase in energy expenditure and a decrease in adiposity and triacylglycerol accumulation in the blood and liver (2, 3, 6, 8, 16) . Treatment of obese/diabetic animals with FGF21 also reduces blood glucose levels and increases glucose tolerance and insulin sensitivity. Another attractive feature of FGF-21 is that it is not mitogenic and increases resistance to agents inducing tumorigenesis (2, 7, 17) . The striking ability of FGF21 to reverse obesity and diabetes without deleterious side effects has generated a strong interest in the physiological and molecular mechanisms controlling FGF21 expression.
The mechanisms mediating the nutritional regulation of FGF21 expression have not been completely defined. The peroxisome proliferatoractivated receptor-α (PPARα) is a nuclear receptor that mediates the stimulatory effect of starvation and high-fat consumption on the expression of genes involved in fatty acid oxidation (18) . Previous studies have shown that deletion of the PPARα gene suppresses the ability of HF-LC consumption and starvation to induce hepatic FGF21 mRNA abundance (4, 10, 11) . This observation provides support for a role of PPARα in mediating diet-induced changes in FGF21 gene expression. As deletion of PPARα does not abolish the effects of HF-LC consumption and starvation on FGF21 mRNA abundance, a PPARα-independent pathway(s) also contributes to the nutritional regulation of FGF21 gene expression. The objective of the present study is to identify endogenous signaling factors that mediate the nutritional regulation of hepatic FGF21 expression. We have identified two sources of PPARα activators (i.e. nonesterified unsaturated fatty acids and chylomicrons remnants) that induce of FGF21 expression. In addition, we have discovered that endogenous activators of the farnesoid X receptor (FXR) (i.e. bile acids) and an endocrine component of the FXR signaling pathway [i.e. fibroblast growth factor 19 (FGF19)] cause a robust increase in FGF21 expression and/or FGF21 secretion. We also show that FXR plays a role in mediating the stimulatory effect of a HF-LC ketogenic diet on FGF21 expression. Cell Culture-Hepatocytes were isolated from 24 h starved male Sprague Dawley rats (approximately 200 g) as described by Stabile et al. (20) . Cells (3 x 10 6 ) were plated on 60 mm collagen-coated dishes containing Waymouth's medium MD752/1 supplemented with 20 mM HEPES, pH 7.4, 0.5 mM serine, 0.5 mM alanine, penicillin (100 µg/ml), streptomycin (100 µg/ml), gentamicin (50 mg/ml) and 5% newborn calf serum. At 4 h of incubation, the medium was replaced with one of the same composition lacking newborn calf serum. A Matrigel overlay (0.3 mg/ml) and insulin (50 nM) were added at this time. At 24 h of incubation, the cells were washed in serum-free Medium 199 and the incubation was continued in serum-free Medium 199. At 48 h of incubation, the medium was replaced with one of the same composition containing the treatments indicated in the figure legends. Hepatocyte cultures were maintained in a humidified chamber at 37°C in 5% CO 2 /95% air.
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EXPERIMENTAL PROCEDURES
Animals-
Human HepG2 hepatoma cells were plated on 60 mm dishes containing Dulbecco's modified eagle medium (DMEM) supplemented with penicillin (100 µg/ml), streptomycin (100 µg/ml), and 10% fetal bovine serum. After the cells reached 80% confluence, the medium was changed to one of the same composition lacking fetal bovine serum. After 24 h of incubation, the medium was replaced with serum-DMEM containing the treatments indicated in the figure legends.
Fatty acids (Nu Chek Prep) were prepared as 1 mM stock solutions in complex with bovine serum albumin (BSA) at a 1:4 molar ratio (21) . Intestinal lymph was obtained from lymph-fistula rats intubated intraduodenally with a lipid emulsion containing safflower oil (0.36 g/animal) (22, 23) . The procedure for preparing whole chylomicrons and chylomicron remnants from the intestinal lymph is described in (24). The triacylglycerol content of chylomicrons and chylomicron remnants was determined using Triglyceride and Free Glycerol kit supplied by Sigma-Aldrich. The fatty acid composition of chylomicrons and chylomicrons remnants was determined by gas chromatography. Chenodeoxycholic acid, taurochenodeoxycholic acid, taurocholic acid, taurodeoxycholic acid, cholic acid, glucagon-like peptide-1, GW4064, 3,5,3'-triiodothyronine (T3), corticosterone, 1,4-Bis[2-(3,5 dichloropyridyloxy)] benzene (TCPOBOP) were obtained from Sigma-Aldrich. GW7647 and GW0742 were purchased from Cayman Chemical. Bovine insulin and glucagon were gifts from Lilly. Recombinant human FGF19 (R & D Systems), rat leptin (Alexis), and tauro β-muricholic acid (Steraloids) were obtained from the indicated sources.
Isolation of RNA and Quantitation of mRNA levels-Total RNA was extracted from tissues and cell cultures by the guanidinium thiocyanate/phenol/chloroform method (25) . The abundance of mRNA encoding FGF21 and bile salt export pump (BSEP) was measured by quantitative real-time PCR analysis using the QIAGEN Quantitect SYBR green RT-PCR system. Samples of DNase I-treated RNA (100 ng) were analyzed in triplicate according to the manufacturer's instructions. PCR was performed in ninety-six well plates-well plates using a BioRad iCycler iQ. The relative amount of mRNA was calculated using the comparative C t method. Rat cyclophilin, human glyceraldehyde 3-phosphate dehydrogenase, and mouse 36B4 were used as reference genes. Amplification of specific transcripts was confirmed by analyzing the melting curve profile performed at the end of each run and by determining the size of the PCR products using agarose electrophoresis and ethidium bromide staining. The primer set for each gene is shown in Supplemental Table S1.
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Reporter Plasmids-Fragments of the rat FGF21 promoter/regulatory region were amplified by PCR and inserted into the KpnI and XhoI site of pGL3-Basic (Promega). The FGF21 DNA fragments were named by designating the 5'-and 3'-ends of each fragment relative to the transcription start site. A mutation of the FXR response element (FXRE) at -1221 and -1220 bp was introduced into the -1316 to +68 FGF21 reporter plasmid using the Agilent QuikChange II XL site-directed mutagenesis kit. Structures of reporter plasmids were confirmed by nucleotide sequence analysis.
Transient Transfection-Hepatocytes were plated on 35 mm dishes and transfected with 2 µg of the -2940 to +68 FGF21 reporter plasmid or an equimolar amount of another reporter plasmid using Effectene reagent (Qiagen). At 12 h of incubation, the transfection medium was replaced with fresh medium with or without GW4064. At 36 h incubation, cells were harvested and cell extracts were prepared in 1x Cell Culture Lysis Buffer (Promega). Cell extracts were centrifuged at 14,000 x g for 1 min and the supernatants were assayed for protein concentration and luciferase activity. Luciferase assay reagent was obtained from Promega.
Gel Mobility Shift Analysis-Complementary oligonucleotides containing the FGF21 FXRE were synthesized with biotin attached to their 3'-ends. These oligonucleotides were annealed for 2 h at room temperature. Recombinant human FXR and RXRα were obtained from Sigma/Aldrich. Binding reactions (20 µl) contained 200 pmol DNA probe, 150 ng of FXR and RXRα, 10 mM Tris, pH 7.5, 50 mM KCl, 1 mM dithiothreitol, 50 µg/ml poly(dI-dC), and 2.5% glycerol (v/v). Reactions were carried out at room temperature for 30 min. DNA and DNA-protein complexes were resolved on 6% nondenaturing polyacrylamide gels at 4°C in 0.5X TBE (45 mM Tris, pH 8.3, 45 mM boric acid, and 1 mM EDTA) and then transferred to a positively charged nylon membrane in 0.5X TBE. Transferred DNAs were crosslinked to the membrane by UV irradiation. DNA on membranes was detected using horseradish peroxidase-conjugated streptavidin in combination with chemiluminescent substrate (LightShiftTM chemiluminescence EMSA kit, Thermo Scientific). For competition experiments, unlabeled competitor DNA was mixed with labeled oligomer prior to the addition of FXR and RXRα. For antibody supershift experiments, the reaction was incubated with antibodies against FXR or NF1 (Santa Cruz Biotechnology) for 30 min prior to the addition of the oligonucleotide probe.
Western Analyses-The culture medium (3 ml) from a single plate of cells was centrifuged to remove cellular debris. The supernatant was concentrated to 200 µl using an Amicon Ultra-4 centrifugal filter unit. Proteins contained in the concentrated supernatant were subjected to electrophoresis in 12% SDS-polyacrylamide gels and then transferred to polyvinylidene difluoride membranes (Immobilon-FL, Millipore) using an electroblotting apparatus (Bio-Rad). The blots were blocked in TBST (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1% Tween) containing 5% nonfat dry milk for 1 h at room temperature and then incubated with primary antibody diluted 1:500 in TBST containing 5% bovine serum albumin. After incubation with primary antibody for 12 h at 4°C, the blots were washed in TBST. Next, the blots were incubated with secondary antibody conjugated to horseradish peroxidase (Jackson ImmunoResearch) diluted 1:2000 in TBST, 5% nonfat dry milk for 1 h at room temperature. After washing with TBST, antibody/protein complexes on blots were detected using enhanced chemiluminescence (Amersham Biosciences). Fluorescence on the blots was visualized using a Typhoon 9410 imager and signals were quantified using ImageQuant software. Goat polyclonal antibodies against mouse FGF21 (AF3057), human FGF21 (TA303289), and albumin (sc-46293) were obtained from R&D Systems, Origene, and Santa Cruz Biotechnology, respectively.
Measurement of Plasma FGF21 ConcentrationPlasma FGF21 concentration was determined using a FGF21 ELISA kit (R & D Systems).
Statistical Methods-Data were subjected to analysis of variance and statistical comparisons were made with the Dunnett's or Student's t-test.
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RESULTS
Nonesterified Fatty Acids and Chylomicron Remnants Increase FGF21 Expression in Primary
Rat Hepatocyte Cultures. Primary cultures of rat hepatocytes are strongly responsive to nutritional and hormonal signals and have been used successfully to screen factors that regulate hepatic gene expression (26) . Prior to using this system to identify nutritional signals controlling the expression of FGF21, we wanted to verify that the nutritional regulation of rat FGF21 expression was similar to that described in other species. Feeding rats a HF-LC ketogenic diet for 6 d or starving rats for 30 h stimulated an 18-to 35-fold increase in hepatic FGF21 mRNA abundance compared to rats fed a standard purified diet or chow diet (Fig.  1A) . The effects of these dietary manipulations on FGF21 mRNA abundance in rat liver are similar to those reported in mouse liver (4, 10, 11, 15) . The stimulatory effect of starvation on FGF21 expression in rat liver is consistent with previous studies demonstrating that prolonged starvation increases circulating FGF21 levels in humans (27) .
Previous studies have shown that the supply of nonesterified fatty acids to the liver is enhanced by HF-LC consumption and starvation (12, (28) (29) (30) (31) and that oleate (C18:1, n-9) and linoleate (C18:2, n-6) are the primary nonesterified fatty acids found in the blood during these dietary conditions (32) . Unsaturated fatty acids can stimulate gene expression by enhancing the activity of the nuclear receptor, PPARα (33). These observations plus work demonstrating that nutritional regulation of FGF21 expression is dependent on the presence of PPARα (4,10,11) led us to investigate whether albumin-bound oleate and linoleate modulated hepatic FGF21 expression. Incubating primary rat hepatocyte cultures with oleate or linoleate stimulated an increase in FGF21 mRNA abundance (Fig. 1B) . The effects of oleate and linoleate on FGF21 mRNA levels were dosedependent ( Fig. S1 ) and were maximal (4.3-to 6.1-fold) at 2 h of treatment (Fig. 1B) . The stimulatory effect of oleate and linoleate on FGF21 mRNA abundance decreased at 6 and 12 h of treatment. Pawar and Jump (34) have shown that eicosapentaenoic acid (EPA) (C20:5, n-3) increases PPARα activity in rat hepatocytes and have proposed that EPA is an intracellular PPARα ligand. Incubating hepatocytes with EPA caused an increase in FGF21 mRNA abundance with a time course similar to that of oleate and linoleate (Fig. 1B) . The maximal increase in FGF21 mRNA caused by EPA was 3.3-fold at 2 h of treatment. In contrast to the results for oleate, linoleate, and EPA, incubating hepatocytes with hexanoate or dodecanoate had no effect on FGF21 mRNA abundance. These results provide support for a role of nonesterified unsaturated fatty acids in mediating diet-induced changes in FGF21 gene expression.
Greater than 80% of the oleate or EPA added to the culture medium of rat hepatocyte cultures is cleared within 6 h of treatment (34). Thus, the decrease in fatty acid regulation of FGF21 mRNA abundance observed at 6 and 12 h of treatment may be caused by the hepatic metabolism and depletion of fatty acids in the culture medium. To investigate this possibility, a modification of the 6 h treatment protocol (designated 4 + 2) was employed in which the treatment medium was replaced with fresh medium 2 h prior to the end of the treatment period. The ability of oleate to induce FGF21 mRNA abundance using the 4 + 2 protocol was greater than that observed using the 6 h treatment protocol without medium replacement (Fig. 1C) . The extent of the stimulatory effect of oleate on FGF21 mRNA abundance using the 4 + 2 protocol was similar to that observed for 2 h of oleate treatment. The ability of linoleate and EPA to induce FGF21 mRNA abundance was also greater using the 4 + 2 protocol compared to the 6 h treatment protocol without medium replacement (data not shown). These findings are consistent with a role of fatty acid depletion in mediating the decreased oleate-, linoleate-, and EPA-induced FGF21 mRNA abundance at 6 h of treatment.
If oleate, linoleate, and EPA enhance FGF21 expression in hepatocytes by activating PPARα bound to the FGF21 gene, then treatment with the selective PPARα ligand/agonist, GW7647, should mimic the effects of these fatty acids on FGF21 expression. Incubating hepatocytes with an optimal concentration of GW7647 (1 µM) stimulated a rapid (<2 h) and sustained (>24 h) increase in FGF21 mRNA abundance (Fig. 1D) . Interestingly, the maximal effect of GW7647 on FGF21 mRNA abundance (2.9-fold relative to no addition at 12 h of incubation) was lower than the maximal effect of oleate on FGF21 mRNA 6 abundance (6.1-fold at 2 h of incubation) suggesting that oleate generates endogenous ligands that are more effective than GW7647 in activating PPARα activity. Alternatively, oleate may act through additional mechanisms besides ligand activation of PPARα to enhance FGF21 expression.
In addition to nonesterified fatty acids derived from the extrahepatic hydrolysis of triacylglycerols in chylomicrons (i.e. nonesterified fatty acid spillover), dietary fatty acids are delivered to the liver in the form of chylomicron remnants. These lipoproteins contain 15 to 35% of the dietary triacylglycerol originally packaged in the chylomicrons (35) . Triacylglycerols contained in chylomicron remnants are incorporated into hepatocytes through the action of hepatic lipase on the extracellular surface and by receptor-mediated endocytosis followed by the hydrolysis of the triacylglycerols by lysosomal enzymes (36) . We asked whether chylomicron remnants obtained from rats fed safflower oil were effective in modulating FGF21 expression in rat hepatocyte cultures. The fatty acid composition of chylomicron remnants prepared from rats infused intraduodenally with safflower oil was 14.4% palmitate, 16.1% oleate, and 69.5% linoleate. Incubating chylomicron remnants (33.3 µg triacylglycerol/ml) with rat hepatocytes for 2 h stimulated a 2.6-fold increase in FGF21 mRNA abundance (Fig. 1E ). The concentration of chylomicron remnants employed in this experiment would result in 115 µM fatty acid in the media if all three fatty acids on the glycerol backbone were hydrolyzed. In contrast to the effect of chylomicrons remnants on FGF21 expression, incubating hepatocytes with whole chylomicrons (33.3 µg triacylglycerol/ml) had no effect on FGF21 mRNA levels. Thus, dietary fatty acids delivered in the form of chylomicron remnants are effective in stimulating FGF21 expression.
Effects of Glucagon, Corticosterone, GW0742, TCPOBOP, Glucose, Insulin, T3, and Leptin on FGF21 Expression. Incubating hepatocytes with nonesterified unsaturated fatty acids, chylomicrons remnants, or a synthetic PPARα agonist does not quantitatively recapitulate the effects of HF-LC consumption or starvation on hepatic FGF21 expression in intact animals (Figs. 1A-1E ). This observation plus previous work demonstrating that deletion of PPARα does not completely suppress the effects of HF-LC consumption and starvation on FGF21 mRNA abundance (10, 11) suggests that additional signaling pathways are involved in mediating the nutritional regulation of FGF21 gene expression. Signaling pathways whose activities are enhanced by HF-LC consumption and/or starvation include those that are activated by glucagon (37) , glucocorticoids (38) , peroxisome proliferator-activated receptor-β (PPARβ) agonists (39) , and constitutive androstane receptor (CAR) agonists (40) . Signaling pathways whose activities are suppressed by HF-LC consumption and/or starvation include those that are activated by glucose (13, 30, 41) , insulin (13, 42) , T3 (43) , and leptin (44) . The role of these pathways in the nutritional regulation of FGF21 expression was investigated by determining the effects of glucagon, corticosterone, GW0742 (PPARβ agonist), TCPOBOP (CAR agonist), high glucose (25 mM), insulin, T3, and leptin on FGF21 mRNA abundance in rat hepatocyte cultures. Incubating hepatocytes with glucagon and corticosterone in the presence of 5.5 mM glucose (i.e. blood glucose concentration during starvation) caused a 50% and 33% decrease in FGF21 mRNA abundance, respectively (Fig. 1F) . Treatment with glucagon and corticosterone stimulated a 10-to 35-fold increase in phosphoenolpyruvate carboxykinase mRNA abundance (data not shown), confirming that the glucocorticoid and glucagon signaling pathways are active in primary rat hepatocytes. Incubating hepatocytes in 25 mM glucose (i.e. blood glucose concentration in the portal vein after consumption of a high-carbohydrate, low-fat meal) stimulated a 3.1-fold increase in FGF21 mRNA abundance (Fig. 1F) . Addition of insulin in the presence of 25 mM glucose caused a further increase in FGF21 mRNA abundance. Treatment with GW0742 and TCPOBOP in the presence of 5.5 mM glucose and treatment with leptin and T3 in the presence of 25 mM glucose had no effect on FGF21 mRNA abundance. Treatment with GW0742 caused a 3.6-fold increase in pyruvate dehydrogenase kinase 4 mRNA abundance, and treatment with TCPOBOP caused a 40% decrease in CYP7A1 mRNA abundance (data not shown), confirming that the PPARβ and CAR signaling 7 pathways are active in primary rat hepatocytes. These findings do not support a role of glucagon, glucocorticoids, PPARβ, CAR, glucose, insulin, T3, and leptin in mediating the increase in FGF21 expression caused by HF-LC consumption and starvation.
Bile Acids and FGF19 Increase FGF21 Secretion in Rat and Human Hepatocytes. Other signaling factors that may contribute to the nutritional regulation of FGF21 expression include bile acids, amphipathic molecules that are synthesized in the liver and secreted into the small intestine where they facilitate the absorption of dietary lipids. As bile acids are efficiently reabsorbed in the small intestine and transported to the liver, they can also function as signaling molecules communicating nutritional status to the liver (45) . Previous studies have shown that the enterohepatic circulation of bile acids is enhanced in animals fed a high-fat, low-carbohydrate diet relative to animals fed a high-carbohydrate, lowfat diet (46) . These observations prompted us to investigate whether bile acids modulated the expression of FGF21 in rat hepatocyte cultures. Incubating hepatocytes with chenodeoxycholic acid (CDCA), a key end product of the bile acid synthesis pathway, stimulated a dose-dependent increase in FGF21 mRNA abundance ( Fig. 2A) . The stimulatory effect of CDCA on FGF21 mRNA abundance was maximal at 2 h of CDCA incubation (25-fold) and then declined at 6 and 12 h of CDCA incubation (Fig. 2B) . Treatment of rat hepatocytes with taurochenodeoxycholic acid (TCDCA), taurocholic acid (TCA), taurodeoxycholic acid (TDCA) also increased FGF21 mRNA abundance, whereas treatment with tauro β-muricholic acid (Tβ-MCA) had no effect on FGF21 mRNA abundance. Ingestion of cholic acid (CA) in the diet was also effective in stimulating FGF21 mRNA abundance in livers of intact rats (Fig. 2C) . In addition, treatment with CDCA increased FGF21 mRNA abundance in human HepG2 cells (Fig. 2D ). These results demonstrate that bile acids activate FGF21 gene expression in liver cells from rats and humans.
Previous studies have shown that exogenous CDCA is rapidly metabolized to β-muricholic acid in rat hepatocyte cultures (47) . To investigate whether the decrease in CDCA regulation of FGF21 mRNA abundance observed at 6 and 12 h of treatment (Fig. 2B ) was caused by a depletion of CDCA in the culture medium, experiments were carried out in which the CDCA treatment media was replaced with fresh medium 2 h prior to the end of a 6 h treatment period (designated 4 + 2). The ability of CDCA to induce FGF21 mRNA abundance using the 4 + 2 protocol was greater than that observed for the 6 h treatment protocol without medium replacement (Fig. 2E) . The extent of the stimulatory effect of CDCA on FGF21 mRNA abundance using the 4 + 2 protocol was similar to that observed for 2 h of CDCA treatment. These findings are consistent with a role of CDCA depletion in mediating the decrease in CDCA-induced FGF21 mRNA abundance at 6 h of treatment.
We next investigated the interaction of bile acids with unsaturated fatty acids in the regulation of FGF21 mRNA abundance. Treatment of rat hepatocytes with CDCA plus oleate stimulated a greater increase in FGF21 mRNA abundance than treatment with CDCA or oleate alone (Fig. 2F ). This finding is consistent with the observation that both PPARα-dependent and PPARα-independent mechanisms contribute to the induction of FGF21 gene expression caused by consumption of a HF-LC ketogenic diet (10, 11) .
To further characterize the regulation of FGF21 expression by bile acids, we determined the effects of bile acids on the secretion of FGF21 protein into the culture medium. Treatment of rat hepatocyte cultures with CDCA, TCDCA, TCA, and TDCA stimulated an increase in FGF21 secretion into the culture medium, whereas treatment with Tβ-MCA had no effect on FGF21 secretion (Fig. 3A) . In cells treated with CDCA, TCDCA, TCA, and TDCA for 12 h, FGF21 levels in the culture medium were increased by 14.8-, 5.1-, 3.6-, and 5.8-fold, respectively, relative to FGF21 levels of cells incubated without bile acids for 12 h. Treatment with CDCA was also effective in increasing FGF21 secretion in human HepG2 cells (Fig. 3B) . Treatment of rat hepatocytes and HepG2 cells with bile acids had no effect on the secretion of albumin into the culture medium. Ingestion of CA in the diet increased plasma FGF21 concentration in intact rats (Fig. 3C) . Thus, bile acids that induce FGF21 mRNA abundance (i.e. CDCA, TCDCA, TCA, TDCA, and CA) also increase hepatic FGF21 secretion or plasma FGF21 concentration.
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FGF19 and glucagon-like peptide-1 (GLP-1) are gut hormones whose production is induced by intestinal bile acids and high fat consumption (48) (49) (50) (51) . As FGF19 and GLP-1 regulate metabolic processes in liver (52-54), we investigated the effects of FGF19 and GLP-1 on hepatic FGF21 expression and secretion. Treatment of rat hepatocytes with recombinant GLP-1 for 2 and 6 h had no effect on FGF21 mRNA abundance and FGF21 secretion (Fig. 4A) . Treatment of rat hepatocytes with recombinant FGF19 also had no effect on FGF21 mRNA abundance but stimulated an increase in FGF21 secretion (Fig. 4A) . The magnitude of the effect of FGF19 on FGF21 secretion was 10.8-fold and 12.6-fold at 2 h and 6 h of treatment, respectively (Fig. 4A) . Treatment with FGF19 also increased FGF21 secretion in the absence of changes in FGF21 mRNA abundance in human HepG2 cells (Fig. 4B) . Intravenous injection of mice with recombinant FGF19 stimulated a 1.8-fold increase in plasma FGF21 concentration (Fig. 4C) . This effect was associated with a decrease in hepatic FGF21 mRNA abundance. These results identify FGF19 as another enterohepatic signal that activates hepatic FGF21 production.
The observation that FGF19 increased hepatic FGF21 secretion and plasma FGF21 concentration in the absence of an elevation in hepatic FGF21 mRNA abundance (Figs. 4A, 4B , and 4C) indicated that FGF19 regulated FGF21 secretion at a translational and/or posttranslational step. In contrast, stimulatory effects of bile acids on FGF21 secretion were associated with an increase in FGF21 mRNA abundance (Figs. 2 and 3) , suggesting that bile acids controlled FGF21 secretion at a pretranslational step. The observation that FGF19 and bile acids regulated FGF21 secretion through translational/posttranslational and pretranslational mechanisms, respectively, led us to investigate the interaction between FGF19 and CDCA in the regulation of FGF21 secretion. Treatment of rat hepatocytes with FGF19 plus CDCA caused a greater increase in FGF21 levels (20.6-Fold) in the culture medium than treatment with FGF19 (12.3-fold) or CDCA (8.4-fold) alone (Fig. 4D) . FGF21 mRNA levels in cells treated with FGF19 plus CDCA were similar to those observed in cells treated with CDCA alone. The additive effects of FGF19 and CDCA on FGF21 secretion are consistent with data demonstrating that FGF19 and CDCA regulate FGF21 secretion through different mechanisms.
Activation of the Farnesoid X Receptor Increases FGF21 Expression. The farnesoid X receptor (FXR) is a nuclear bile acid receptor that regulates the transcription of genes involved in bile acid, carbohydrate, and lipid metabolism (55) . CDCA, TCA, TCDCA, TDCA and CA function as activating ligands of the farnesoid X receptor (FXR), whereas Tβ-MCA is not effective in activating FXR (56, 57) . This pattern of bile acid activation of FXR is similar to the pattern of bile acid activation of FGF21 mRNA abundance (Fig.  2) , suggesting that FXR plays a role in mediating the stimulatory effects of bile acids on FGF21 gene expression. To investigate whether ligandactivated FXR increased FGF21 expression, we determined the effect of the selective FXRactivating ligand, GW4064, on FGF21 expression. Incubating rat hepatocytes with an optimal concentration of GW4064 (3 µM) caused a rapid (≤1 h) and sustained (≥24 h) increase in the abundance of FGF21 mRNA (Fig. 5A) . The GW4064-induced increase in FGF21 mRNA abundance was maximal (3.2-fold) at 6 h of incubation and was accompanied by a similar elevation in FGF21 secretion into the culture medium (Fig. 5A) . Treatment with GW4064 also increased FGF21 mRNA abundance and FGF21 secretion in human HepG2 cells (Fig. 5B) . We also determined the effect of GW4064 administration on FGF21 mRNA abundance in intact mice. Oral administration of GW4064 stimulated a 2.2 to 2.7-fold increase in FGF21 and BSEP mRNA levels in livers of wild-type mice (Fxr +/+ ) but had no effect on FGF21 and BSEP mRNA levels in livers of FXR knockout (Fxr -/-) mice (Fig. 5C ). These results indicate that activation of FXR enhances hepatic FGF21 expression.
To investigate the mechanism by which FXR activation regulates FGF21 gene expression, transient transfection experiments were performed to identify cis-acting elements mediating the effect of GW4064 on FGF21 gene transcription. Hepatocytes were transfected with a series of DNA constructs containing 5'-deletions of the rat FGF21 promoter linked to the luciferase gene. In cells transfected with the construct containing the longest FGF21 fragment (-2940 to +68 bp), 9 treatment with GW4064 caused a 4-fold increase in luciferase activity (Fig. 6A) . Deletion of FGF21 sequences to -2074, -1656 and -1316 bp had no effect on GW4064 responsiveness. Deletion of FGF21 sequences from -1316 to -1164 bp suppressed FGF21 promoter activity in both the absence and presence of GW4064. Because the extent of the decrease in promoter activity was greater in cells incubated in the presence of GW4064, GW4064 responsiveness was decreased by 59%. Further deletion of FGF21 sequence to -103 bp had no effect on residual promoter activity in the absence or presence of GW4064. These data suggest that the region between -1316 and -1164 bp contains a sequence that mediates the effect of FXR activation on FGF21 gene transcription.
Sequence comparison analysis (MatInspector, Genomatix) of the region between -1316 and -1164 bp revealed the presence of a sequence (-1222 to -1210 bp) that resembled a FXR response element (FXRE) (Fig. 6B) . This sequence was comprised of two hexameric halfsites arranged as inverted repeats with 1 bp separating the half-sites. In transient transfection assays, mutation of this putative FXRE (FXRE Mut) in the context of the -1316 to +68 bp FGF21 fragment abolished the ability of GW4064 to stimulate FGF21 promoter activity (Fig. 6A) . In gel mobility shift assays, an oligonucleotide probe containing the FGF21 FXRE (-1231 to -1196 bp) bound to FXR/retinoid X receptor (RXR) heterodimers (Fig. 6C) . Results of competition experiments with unlabeled DNA fragments indicated that the binding affinity of FXRE Mut for FXR/RXR heterodimers was markedly reduced compared to that of the wild-type FGF21 FXRE. Thus, the elimination of GW4064 regulation of FGF21 promoter activity caused by FXRE Mut was associated with a decrease in FXR/RXR binding activity. These findings indicate that ligand-bound FXR binds directly to the FGF21 gene and activates FGF21 gene transcription. 
Role of FXR in the Nutritional
DISCUSSION
The results of the present study identify a new signaling pathway that stimulates hepatic FGF21 expression. Ligand activation of FXR induces FGF21 gene expression and secretion. We also show that FXR plays a role in mediating the stimulatory effect of HF-LC consumption on FGF21 expression. As CDCA, TCDCA, TCA, TDCA, and CA are potent activators of FXR activity (56, 57) and FGF21 expression (Fig. 2) , and bile acid flux in the enterohepatic system is elevated by HF-LC consumption (46), we propose that bile acids function as signals mediating the 10 increase in FGF21 expression caused by HF-LC consumption (Fig. 8) . Another nutritional condition that induces FGF21 expression is starvation. In contrast to HF-LC consumption, starvation decreases the circulation of bile acids in the enterohepatic system (59) . Thus, the lack of involvement of FXR in mediating starvationinduced changes in FGF21 mRNA abundance (Fig. 7) is consistent with our model that bile acids play a role in the physiological regulation of FGF21 expression.
Another key finding of the present study is that FGF19 induces FGF21 secretion in liver. Previous studies have shown that FGF19 is an endocrine factor that mediates the inhibitory effects of intestinal bile acids on hepatic bile acid synthesis (54) . In the ileum, bile acids induce the expression and secretion of FGF19 via an FXRdependent mechanism (48, 54) . At the liver, FGF19 increases in expression of small heterodimer partner (SHP) (60), a transcriptional repressor of the cholesterol 7α-hydroxylase gene, a key control point of the bile acid synthetic pathway. As HF-LC consumption enhances the intestinal recycling of bile acids (61), we propose that FGF19 is another enterohepatic signal mediating the stimulatory of effect HF-LC consumption on hepatic FGF21 secretion (Fig. 8) .
In support of the model, consumption of a high fat meal causes an increase in circulating FGF19 levels in humans (50) . The additive effects of FGF19 and CDCA on hepatic FGF21 secretion (Fig. 4D ) are consistent with a role of both of these signals in mediating diet-induced changes in circulating FGF21 levels. Interestingly, FGF19 enhances FGF21 secretion via a mechanism that does not involve changes in FGF21 mRNA abundance (Fig. 4) . To our knowledge, these are the first data demonstrating that FGF21 expression/secretion is regulated by a posttranscriptional mechanism. Recent studies have shown that FGF19 increases SHP expression by inhibiting the ubiquitination and intracellular degradation of SHP (60) . It is tempting to speculate that the mechanism mediating the stimulatory effect of FGF19 on FGF21 secretion involves alterations in the intracellular degradation of FGF21.
The results of the present study also demonstrate that nonesterified unsaturated fatty acids and unsaturated fatty acids-enriched chylomicron remnants induce of hepatic FGF21 expression. The effects of these agents on FGF21 expression are likely mediated, at least in part, by the activation of PPARα, as the FGF21 gene contains a PPAR response element (PPRE) and unsaturated fatty acids enhance PPARα activity (4, 33) . We propose that dietary unsaturated fatty acids delivered to the liver in the form of chylomicron remnants or nonesterified fatty acids (i.e. spillover from extrahepatic triacylglycerol hydrolysis) constitute a third signal mediating the stimulatory effect of HF-LC consumption on hepatic FGF21 secretion (Fig. 8) . The additive effects of oleate and CDCA on FGF21 mRNA abundance (Fig. 2F ) are consistent with a role of both PPARα and FXR agonists in mediating the stimulatory effect of HF-LC consumption on FGF21 gene expression.
Although glucose and insulin are key humoral factors signaling the high-carbohydrate, low-fat fed state to various metabolic processes in liver (13, 30, 41, 42) , our findings indicate that glucose and insulin are not involved in mediating the decrease in hepatic FGF21 expression caused by high-carbohydrate, low-fat consumption. Both glucose and insulin caused an increase FGF21 mRNA abundance in rat hepatocytes (Fig. 1F) . Ma et al. (62) have also reported that glucose enhances hepatic FGF-21 mRNA abundance. We postulate that glucose and insulin function to maintain basal levels of FGF21 expression during non-ketotic conditions. In support of this proposal, hepatic FGF21 expression is markedly decreased in chow-fed mice lacking hepatic expression of the insulin receptor substrate-1 and insulin receptor substrate-2, key components of the insulin signal transduction pathway (63) . Our observation that signals of starvation and/or high fat consumption (i.e. unsaturated fatty acids and bile acids) cause a greater induction of FGF21 expression than signals of high carbohydrate consumption (i.e. glucose and insulin) is also consistent with this proposal (Figs. 1 and 2) .
Previous studies have shown that administration of natural and synthetic FXR agonists attenuates insulin resistance, hypertriglyceridemia, and hepatic steatosis in animal models of metabolic syndrome (64). These effects of FXR agonists on metabolic syndrome are mediated, at least in part, by a decrease in hepatic fatty acid synthesis resulting in a reduction 11 in hepatic triacylglycerol accumulation and very low density lipoprotein production (65) . The mechanisms by which FXR agonists inhibit hepatic fatty acid synthesis are not clear. Previous studies have shown that transgenic expression of FGF21 or administration of recombinant FGF21 mimics the effects of FXR agonists on insulin resistance, hypertriglyceridemia, hepatic steatosis, and hepatic lipogenic enzyme expression in obese/diabetic animals (2, 3, 6, 8) . These observations plus our finding that natural and synthetic FXR agonists induce hepatic FGF21 expression provide support for a role of FGF21 in mediating the beneficial effects of FXR agonists on metabolic syndrome. FXR agonists also induce the expression of FGF19, another factor that attenuates metabolic syndrome in obese/diabetic animals (66) . Our observation that FGF19 induces FGF21 secretion suggests a novel interaction between FGF19 and FGF21 in the regulation of lipid metabolism by FXR agonists.
The synthetic FXR agonist, GW4064, has been shown to bind to FXR with an affinity that is >100-fold higher than that of CDCA, TCDCA, TCA, and TDCA (56, 57, 67) . Interestingly, GW4064 is less effective than CDCA, TCDCA, TCA, and TDCA in stimulating FGF21 mRNA abundance in rat hepatocytes and human HepG2 cells (Figs. 2 and 5 ). This observation suggests that other mechanisms besides ligand-activation of FXR play a role in mediating the bile acid regulation of FGF21 expression. Previous studies have shown that bile acids increase the activity of protein kinase B (Akt) (68) , extracellular signalregulated kinases 1 and 2 (ERK1/2) (68), and cJun N-terminal kinase (JNK) (69) in liver. Other work has shown that bile acid regulation of expression of SHP, CYP7A1, and the low-density lipoprotein receptor is dependent in part on the presence of Akt, ERK1/2 and/or JNK (69, 70) . Interestingly, muscle-specific overexpression of Akt1 induces FGF21 expression in skeletal muscle of mice (71) . Future studies will investigate the role of Akt, ERK1/2, and JNK in mediating the bile acid regulation of FGF21 expression.
In conclusion, bile acids, FGF19, nonesterified unsaturated fatty acids, and chylomicron remnants induce FGF21 secretion in hepatocytes, and FXR plays a role in mediating the increase in hepatic FGF21 expression caused by consumption of a HF-LC ketogenic diet. We propose that consumption of a HF-LC ketogenic diet increases FGF21 secretion by enhancing the delivery of bile acids, FGF19, and dietary unsaturated fatty acids to the liver (Fig. 8) . Bile acids and unsaturated fatty acids activate FXR and PPARα, respectively, causing an increase in FGF21 gene transcription and secretion. Bile acids and unsaturated fatty acids may also act through FXR-and PPARα-independent pathways to increase FGF-21 expression. FGF19 activates FGF21 secretion via a posttranscriptional mechanism. Fig. 1 . Nonesterified unsaturated fatty acids and chylomicron remnants increase hepatic FGF21 mRNA abundance. A, nutritional regulation of hepatic FGF21 expression in rats. Sprague Dawley rats were fed a chow diet, a standard purified diet, or a HF-LC ketogenic diet for 7 days. The composition of the diets is described in "Experimental Procedures." A fourth group of animals was fed the standard purified diet for 6 days and then starved 30 h. Animals were killed 6 h after the start of the dark cycle, total RNA was isolated from liver, and the abundance of FGF21 mRNA was measured by quantitative real-time PCR. Hepatic FGF21 mRNA abundance was also measured in a fifth group of animals fed a standard purified diet for 6 days followed by starvation for 30 h and refeeding for 5 h. The level of FGF21 mRNA in animals fed the chow diet was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of six animals. An asterisk indicates that the mean is significantly (p ≤ 0.05) higher compared to that of animals fed the standard purified diet. B-F, effect of 15 nutrients and hormones on FGF21 expression in primary cultures of rat hepatocytes. Rat hepatocytes were prepared as described in "Experimental Procedures" and incubated in serum-free Medium 199. B, time course of the effect of nonesterified fatty acids (250 µM) on FGF21 mRNA abundance. Hepatocytes were incubated with the indicated fatty acids complexed to BSA. Hepatocytes receiving no additions (NA) were incubated in medium containing an equivalent concentration of BSA. The level of FGF21 mRNA in cells incubated with fatty acids for 0 h was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of four experiments. C, effect of different oleate treatment protocols on FGF21 mRNA abundance. Hepatocytes were incubated with or without oleate for 2 h and 6 h without medium change. A third treatment group (designated 4 + 2) was incubated with oleate for 6 h with a medium change 2 h prior to the end of the treatment period. The level of FGF21 mRNA in hepatocytes incubated without oleate for 2 h was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of four experiments. Different superscript letters indicate that means are significantly (p ≤ 0.05) different. D, time course of the effect of GW7647 on FGF21 mRNA abundance. Hepatocytes were incubated with or without GW7647 (1 µM) for the indicated time periods. The level of FGF21 mRNA in cells incubated with GW7647 for 0 h was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of four experiments. An asterisk indicates that the mean is significantly (p ≤ 0.05) different compared with that of cells incubated in the absence of GW7647 for the same time period. E, effect of chylomicrons and chylomicrons remnants on FGF21 mRNA abundance. Hepatocytes were incubated with chylomicrons and chylomicrons remnants prepared from rats fed safflower oil. FGF21 mRNA was measured after 2 h of treatment. The level of FGF21 mRNA in cells incubated with NA was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of five experiments. The asterisk indicates that the mean is significantly (p ≤ 0.05) different. F, effects of glucagon, corticosterone, GW0742, TCPOBOP, glucose, insulin, T3, and leptin on FGF21 mRNA abundance. Rat hepatocytes were incubated in serum-free Medium 199 containing low glucose (5.5 mM) or high glucose (25 mM) with or without, glucagon (100 nM), corticosterone (1 µM), GW0742 (1 µM), TCPOBOP (1 µM), insulin (50 nM), T3 (150 nM), or leptin (125 nM). FGF21 mRNA abundance was measured after 6 h of treatment. The level of FGF21 mRNA incubated with 5.5 mM glucose and vehicle was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of three experiments. Different superscript letters indicate that means are significantly (p ≤ 0.05) different. period. E, effect of different CDCA treatment protocols on FGF21 mRNA abundance. Primary rat hepatocyte cultures were incubated with or without CDCA (100 µM) for 2 h and 6 h without medium change. A third treatment group (designated 4 + 2) was incubated with CDCA for 6 h with a medium change 2 h prior to the end of the treatment period. The level of FGF21 mRNA in hepatocytes incubated without CDCA for 2 h was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of four experiments. Different superscript letters indicate that means are significantly (p ≤ 0.05) different. F, interaction between CDCA and oleate in the regulation of FGF21 mRNA abundance. Primary rat hepatocyte cultures were incubated with or without oleate (250 µM), CDCA (100 µM) or oleate plus CDCA for 2 or 6 h. All treatments contained 62.5 µM BSA. The level of FGF21 mRNA in cells incubated with NA for 2 h was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of four experiments.
FIGURE LEGENDS
* mean is significantly (p ≤ 0.05) higher than that of cells incubated without oleate and CDCA for the same time period. ** mean is significantly (p ≤ 0.05) higher than that of any other treatment of the same time period. . Cells were incubated with or without GW4064 (3 µM) for the indicated time periods. Cells and culture medium were harvested, total RNA was isolated, and FGF21 mRNA abundance and FGF21 protein levels were measured as described in "Experimental Procedures." Left panels, FGF21 mRNA abundance in cells incubated with GW4064 for 0 h was set at 1, and the other values were adjusted proportionately. Right panels, the FGF21 protein level in the culture medium of cells incubated with vehicle (DMSO) for 6 h was set at 1, and the other values were adjusted proportionately. Values are means ± S.E. of four experiments. An asterisk indicates that the mean is significantly (p ≤ 0.05) different compared with that of cells incubated with vehicle for the same time period. C, effect of GW4064 administration on FGF21 and BSEP mRNA levels in intact mice. Wild-type mice (Fxr +/+ ) and FXR knockout (Fxr -/-) mice were orally administered GW4064 (30 mg/kg, twice a day) or vehicle (2-hydroxypropyl-β-cyclodextrin) for seven days and FGF21 and BSEP mRNA levels were measured in liver. An asterisk indicates that the mean is significantly (p ≤ 0.05) different compared with that of animals of the same genotype treated with vehicle. 
